Under global warming scenarios, rising temperatures can constitute heat stress to which species may respond differentially. Within a described species, knowledge on cryptic diversity is of further relevance, as different lineages/cryptic species may respond differentially to environmental change. The Brachionus calyciflorus species complex (Rotifera), which was recently described using integrative taxonomy, is an essential component of aquatic ecosystems. Here, we tested the hypothesis that these (formerly cryptic) species differ in their heat tolerance. We assigned 47 clones with nuclear ITS1 (nuITS1) and mitochondrial COI (mtCOI) markers to evolutionary lineages, now named B. calyciflorus sensu stricto (s.s.) and B. fernandoi. We selected 15 representative clones and assessed their heat tolerance as a bi-dimensional phenotypic trait affected by both the intensity and duration of heat stress. We found two distinct groups, with B. calyciflorus s.s. clones having higher heat tolerance than the novel species B. fernandoi. This apparent temperature specialization among former cryptic species underscores the necessity of a sound species delimitation and assignment, when organismal responses to environmental changes are investigated.
Introduction
Climate changes such as rising temperatures increasingly affect ecosystems worldwide [1] . In freshwater ecosystems, temperature is a key environmental factor affecting organismal performance and thus spatio-temporal species distribution and habitat colonization [2, 3] . Freshwater ectotherms are particularly affected by rising temperatures owing to their lack of internal temperature regulation and limited capacity to escape from heat [4, 5] . Short-term heat tolerance has been used as an indicator for species' sensitivity to extreme temperatures [6] .
Monogonont rotifers are important components of aquatic ecosystems, forming a link between primary producers and higher trophic levels [7] . Although many rotifer species are regarded as cosmopolitans, recent studies have revealed increasing evidence of cryptic diversity [8, 9] . On a global scale, DNA sequencing analysis revealed the presence of four nuclear delimited evolutionary lineages within the Brachionus calyciflorus species complex [10] , which were recently assigned species rank based on morphological and morphometric data [11] . Local studies revealed that these different lineages occur in sympatry. However, they differ in phenology, exhibiting a seasonal succession with overlapping occurrence that indicates a critical role of temperature in species segregation [2] .
Here, we test the hypothesis that these (formerly cryptic) species are specialized with regard to their heat tolerance. We used nuclear and mitochondrial genetic markers as tools to assign clones of the former B. calyciflorus complex to two distinct species. We then assessed the direct effect of temperature on clonal heat tolerance as a bi-dimensional phenotypic trait affected by the intensity and duration of heat stress. Our study inspects environmental responses associated with cryptic diversity, which may obscure our understanding of species distributions, their thermal specialization and their vulnerability to global warming.
Material and methods
A set of 47 clones (figure 1a; electronic supplementary material, table S1) were tested for nuclear ITS1 (nuITS1) and mitochondrial DNA (mtDNA) markers to correctly assign them to the described species of the former B. calyciflorus species complex [11, 12] . A total of 55 previously described genotypes accessed on GenBank were added to our data (electronic supplementary material, table S2) [12] . Genomic DNA was extracted from individual rotifers using the NucleoSpin w Tissue extraction Kit (Macherey-Nagel). Primers and PCR amplification conditions are provided in electronic supplementary material, table S3. Sequences were aligned using Sequencher w and a Bayesian phylogenetic tree was constructed with BEAST 1.8.1 [13] S5 ) pre-warmed to the target temperature. The activity of rotifers was recorded every 10 min. We recorded the 'knockdown time' as the second time animals lost locomotion and sank to the bottom of the plate without moving for at least 10 s. Spasmatic movements were also considered as a critical endpoint [14] . The experiment proceeded until all individuals were knocked down or the endpoint of 5 h was reached. There were only two exceptions when individuals were recorded for 4 h (IGB, 312-1), but in both cases more than 50% of the experimental population was knocked down by that time.
To assess susceptibility of the clones to heat stress, thermal death time (TDT) curves were constructed by plotting time (min) when at least 50% of the individuals succumb to heat stress (LT 50 ) for all tested temperatures on a log 10 scale [15] (electronic supplementary material, table S6). The LT 50 was directly estimated from the cumulative mortality curves. From the TDT curves, we estimated CT max as the extrapolated temperature that would result in a knockdown time log 10 t ¼ 0, which corresponds by definition to 1 min (CT max ¼ intercept/slope) [15] . As a measure of thermal sensitivity, the z-value (z ¼ 21/slope), which describes the decay of heat tolerance with exposure time, was also estimated [15] . From CT max and the z-value, we created the thermal tolerance landscape as a function of temperature and time, Tko ¼ CT max 2 zlog 10 t ( [15] , equation (2)). We tested the effect of temperature and lineage on the response variable, i.e. the time when 50% of the experimental population was incapacitated (LT 50 ) using generalized linear mixed models (GLMMs) with a random effect of clone within species. Statistical analysis was performed in R, v. 3.5.1 [16] using the 'lme4' and 'car' packages. We selected the best-fitting model based on the AIC criteria [17] . We tested for differences between the resulting CT max values of the two species with a t-test, after 
Results
Bayesian phylogenetic reconstruction assigned the alleles Bcal_seq1, Bcal_seq2 and Bcal_seq4 to the species B. calyciflorus s.s. and allele Bcal_seq3 to the novel species B. fernandoi (figure 1b) (accession numbers in electronic supplementary material, rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180498
Discussion
We found that two (formerly cryptic) species differed in their heat-stress response. Clones from B. calyciflorus s.s. showed a significantly higher tolerance (CT max ) to heat stress compared with those belonging to B. fernandoi. Differential seasonal distribution of B. calyciflorus cryptic species has been found to be temperature related [2] . In Lake Tingtang in China, B. fermandoi was present during the cold period of the year, while B. calyciflorus s.s. was present mainly during summer. There was a period of co-occurrence at intermediate temperatures, around 168C [2] .
Brachionus calyciflorus s.s. exhibited CT max values above 40 8 C. Such high CT max values have been reported before for
Bivalvia [15] , and aquatic insects [6] as well as the water flea Daphnia magna from urban habitats [19] . Note though that when attempting to compare CT max across studies, the estimation methods should be also considered. In many studies, CT max estimations were performed using ramping protocols [6, 19] , which represent a different endpoint for heat tolerance from the extrapolated intercept in the TDT curves used in this study. Mitochondrial COI and nuITS1 have been used extensively to unravel cryptic diversity in species complexes of invertebrates [8, 9, 10] . The former B. calyciflorus complex exhibited mitonuclear discordance and nuclear markers were found to be more reliable predictors of morphological variation than mtDNA [10] . For the B. calyciflorus s.s. species, mtDNA revealed the presence of the haplotype Hap_P01 in Europe and USA. This suggests a common ancestry of clones assigned to this species, regardless of their current geographical occurrence. Genetic distances between species for both genetic markers were high and exceeded those reported for B. calyciflorus clones for which reproductive isolation had been experimentally verified [8] . The presence of reproductive isolation [8] , the sympatric co-occurrence [2, 3] and the specialization to specific ecological conditions [2, 3, 9] could indicate a scenario where the species diverged owing to ecological speciation, as adaptation to different ecological conditions can encourage speciation [20] . However, in the light of a so far incomplete genetic assessment of B. calyciflorus complex species throughout its entire distribution range, we cannot rule out that the observed specialization in heat-stress response has evolved in allopatry, followed by secondary contact [21] . An extensive geographical sampling may further unravel whether heat tolerance is also variable within lineages/species, conditional on geographical origin. In any case, quantifying ecological niche divergence may provide useful information to delimitate species [22] .
Species considered to be thermal generalists can indeed be composed of different cryptic species that have a much greater degree of thermal specialization. Terrestrial insect species, previously thought to have phenotypically plastic thermal tolerances, can actually constitute cryptic species complexes in which thermal tolerances are locally adapted to temperatures in their habitat [23] . Among different species of the former B. calyciflorus species complex, temperature preferences and differential use of food resources [2] might have promoted niche partitioning [3] . Our study adds a functional understanding to the observed temperature preferences, i.e. formerly cryptic species of the B. calyciflorus species complex indeed differ in their tolerance to heat stress.
Global warming will potentially increase thermal stress. Knowing the association between cryptic diversity and heat tolerance will facilitate our understanding of organismal responses to global warming, which may preferentially affect lineages with limited heat tolerance.
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